Phagotrophic protists are an important mortality factor of prokaryotes in most aquatic habitats. However, no study has assessed protistan grazing as loss factor of bacterial biomass across the stratification gradient of a temperate freshwater meromictic lake. Protistan grazing effect was quantified in the mixolimnion, the transition zone, and the sulfidic anoxic monimolimnion of Lake Alatsee (Germany). Grazing experiments were performed using prey analogues from the natural prokaryotic assemblage. Daily grazing effect declined from the mixolimnion to the monimolimnion. Heterotrophic flagellates were phagotrophically active in all three water horizons and the main grazers in the monimolimnion. Pigmented flagellates accounted for 70% of total grazing in the mixolimnion and ciliates only for a small fraction of grazing in each depth. Prokaryotic biomass removal peaked in the interface, but protistan impact on the respective prokaryotic abundance was low. Grazing in the anoxic monimolimnion was negligible, with prokaryotic turnover rate being only 0.4% of standing stock. Our results support the assumption that protistan predation in anoxic waters is lower than in oxygenated ones and identify the interface as a microhabitat that supports high grazer biomass, pinpointing the importance of purple sulfur bacteria as carbon source for the upper mixolimnion and the bottom monimolimnion.
Introduction
Phagotrophic protists play pivotal ecological roles in aquatic ecosystems through the regeneration of nutrients, the consumption of microbial plankton, and the transfer of energy and organic matter to higher trophic levels (Azam et al., 1983; Caron et al., 2011) . A number of studies conducted since the early 1980s (e.g. Azam et al., 1983; Sherr & Sherr, 1994) has revealed the importance of phagotrophic protists as factors regulating prokaryotic abundances and shaping prokaryotic community structures in diverse aquatic habitats, including lakes (Domaizon et al., 2003 and references therein), rivers (Iriberri et al., 1993) , salt ponds (Pedr os-Ali o et al., 2000), coastal waters (Piwosz & Pernthaler, 2010) , and the open ocean (Karayanni et al., 2008) .
However, only little information about phagotrophic processes is available for stratified water masses with anoxic bottom waters, and no studies have examined protistan grazing in temperate freshwater meromictic lakes.
Permanent stratification in meromictic lakes results in an oxygenated mixolimnion, a redox transition zone, and an anoxic monimolimnion (Hakala, 2004) . The high diversity of ecological niches and the complexity of microbial communities along stratification gradients (Bosshard et al., 2000; Behnke et al., 2006; Sergeeva et al., 2012) , make it a challenge to assess protistan grazing in meromictic lakes. Technical difficulties to sustain anoxia and to ensure minimal sample manipulation hamper grazing experiments in anoxic water bodies (Sacc a et al., 2009) . Thus, our understanding of microbial food webs in freshwater meromictic lakes is very limited, and the protistan impact on prokaryotes in their anoxic monimolimnion remains obscured. Quantitative data are scarce across stratification gradients of such lakes, when it comes to the comparative differences of protistan grazing, the effect of specific functional protistan groups and the prokaryotic carbon transferred to higher trophic levels.
In regard to protistan grazing in the mixolimnion of meromictic lakes, most studies agree in their findings that mixotrophic and heterotrophic nanoflagellates are dominant grazers in the oxygenated and sunlit surface layers of stratified meromictic lakes (Roberts & Laybourn-Parry, 1999; Colombet & Sime-Ngando, 2012; Thurman et al., 2012) . In this respect, the mixolimnion of stratified water columns is very similar to the surface waters of holomictic lakes (Klaveness & Løvhøiden, 2007) .
Redox transition zones in marine environments are often characterized by diverse, abundant, and metabolically highly active prokaryotic communities (Daffonchio et al., 2006; Edlund et al., 2008) . It was hypothesized that these prokaryotes may sustain a secondary food web (Taylor et al., 2001 (Taylor et al., , 2006 and support the complex protistan communities thriving in such redoxclines (Stock et al., 2009; Behnke et al., 2010) . Furthermore, grazing of mixotrophic flagellates is a significant mortality factor for bacteria in the redoxclines of polar meromictic lakes (Roberts & Laybourn-Parry, 1999; Thurman et al., 2012) . Ciliates and heterotrophic flagellates have been identified as key players that control the growth of Sulfurimonas in the oxic/anoxic interface in a stratified basin of the Baltic Sea (Anderson et al., 2013) . Though, no study assessed the impact of ciliates and mixotrophic and heterotrophic flagellates on prokaryotic abundance in the suboxic interface of a temperate freshwater meromictic lake.
Findings are also limited and controversial when it comes to the effect of protistan grazing on prokaryotic communities in anoxic waters. As the metabolism and growth of anaerobe protists is less efficient compared with aerobe metabolism and growth (Fenchel & Finaly, 1990) , it is reasonable to assume that the control of prokaryotic biomass through protists is decisively lower in anoxic bottom waters. However, protistan grazing channels a large proportion of anaerobic picoplankton production to higher trophic levels in a coastal saline meromictic lake (Sacc a et al., 2009 ), but ciliates do not seem to exert any control on bacterial biomass in the sulfide-rich hypolimnion of a Spanish lake (Massana & Pedr os-Ali o, 1994) , and heterotrophic nanoflagellates did not show a notable grazing effect on bacterioplankton in anoxic waters of a seasonally stratified German lake (Weinbauer & H€ ofle, 1998) .
The current study was performed in Lake Alatsee, a temperate freshwater meromictic lake, characterized by a redox transition zone with purple sulfur bacteria capable of anoxygenic photosynthesis (Fritz et al., 2012) . Dense populations of such bacteria are responsible for up to 40% of the total inorganic carbon assimilation in a similar freshwater meromictic lake (Camacho et al., 2001; Storelli et al., 2013) . Such high amounts of assimilated carbon in these redoxclines may be an important link between oxic and anoxic food webs, but the fate of this carbon is largely unknown (Camacho et al., 2001) . In contrast to previous studies, we here for the first time used food prey analogues prepared from the natural prokaryotic assemblage for all water horizons, minimizing size selection and prey composition biases in the grazing process. This is specifically important, considering the natural prey size available to protists in the redoxcline of Lake Alatsee.
Our aim was to test the following hypotheses: (1) differences in the grazing effect of major protistan groups occur throughout the water column of a freshwater meromictic lake, (2) a high prokaryotic carbon standing stock in the redoxcline can support high protistan biomass, and (3) grazing effect of protists is lower in the anoxic water compartment. We provide quantitative data on the grazing effect of different protistan groups in the oxygenated mixolimnion, the redox transition zone, and the sulfiderich anoxic monimolimnion of Lake Alatsee, contributing to our better understanding of protistan impact in stratified water masses.
Materials and methods

Study site
Lake Alatsee (47°33′39′′N, 10°38′14′′E) is a meromictic stratified freshwater lake in Allg€ au, Germany, with a maximum depth of 35 m and a 0.18-km 2 surface area. It is of postglacial origin (c. 8000-10 000 years old) and the lake's geography causes a permanent chemocline (Fr€ obisch et al., 1977; Weis, 1983) . We measured temperature, oxygen, and hydrogen sulfide concentration in situ by means of an MS08 AMT probe system (Analysenmeßtechnik GmbH, Germany). Nitrate (NO À 3 ) and orthophosphate (PO À3 4 ) were measured using ion chromatography (Haddad & Jackson, 1990) , and ammonium (NH þ 4 ) was quantified photometrically (Krom, 1980) . The oxygenated mixolimnion extends to 15 m, followed by an interface with low oxygen concentration between 16 and 19 m and an anoxic monimolimnion below 20 m with high concentration of hydrogen sulfide (Fig. 1) . A characteristic feature of the chemocline is its purple color originating from dense populations of purple sulfur bacteria (Fritz et al., 2012) . Nutrient values are depicted in Table 1 . Orthophosphate levels were below the detection limit in the oxygenated mixolimnion and ammonium peaked in the anoxic bottom waters. Secchi depth was 6.7 m. Samples for chemical analysis and preparation of FLPs were performed on the same day (October 26, 2011). Short-term grazing experiments were conducted on the following day, limiting field experiments to a 48-h time frame.
Preparation of fluorescently labeled prokaryotes (FLP)
The grazing impact of the protistan community in the oxygenated mixolimnion (6 m), the suboxic interface (18 m), and the anoxic monimolimnion (22 m) was estimated by quantifying FLPs in the food vacuoles of the grazers over time. FLPs were prepared with slight modifications of the methods outlined in the study by Sherr et al. (1987) . To reduce bias due to selective feeding, the food tracers in this experiment were prepared from the in situ natural prokaryotic assemblage corresponding to the oxygenated mixolimnion (6 m), the suboxic interface (18 m), and the anoxic monimolimnion (22 m). Shortterm grazing experiments were conducted to avoid bacterial degradation of tracers.
From each depth, c. 30 L water was collected with a 5-L Niskin bottle (Hydro-Bios GmbH, Germany). Samples were prefiltered using a peristaltic pump (Ecoline ISM 1079, Ismatec, Germany) under gentle pressure, through filters of 60, 11, and 1.2 lm pore size (Millipore Co.) to exclude organic particles. For the interface, the final prefiltration step was performed through filters of 5 lm pore size to maintain bigger prokaryotes such as purple sulfur bacteria. The prefiltered water sample was further concentrated with a tangential flow filtration system (Pellicon System, Millipore Co.) with a Biomax polyethersulfone membrane cassette of a nominal molecular weight limit of 500 kDa. After the condensation, the prokaryotic suspension was centrifuged at 14 000 g for 12 min, and the pelletized prokaryotes were resuspended in particle-free Na 2 CO 3 /NaHCO 3 buffer (pH: 9.5). The dye 5-(4,6-dichlorotriazin-2-yl)aminofluorescein hydrochloride (DTAF; Sigma-Aldrich) was added at a concentration of 0.8mg mL
À1
, and the suspension was incubated at 60°C for 3 h. For homogenous staining and avoidance of clump formation, samples were vortexed every 15 min. After the staining procedure, FLPs were pelletized and washed three times with 0.2-lm-filtered Na 2 CO 3 /NaHCO 3 buffer (pH: 9.5) to remove excess DTAF. Small aliquots of each FLP batch were fixed with formaldehyde (final conc. of 2.5%) and filtered on 0.2-lm Isopore filters (Merck Millipore Ltd). Observation by epifluorescence microscopy was performed to estimate the achieved FLP concentration and the staining intensity. Careful inspection of the FLP batches showed no aggregation of the prey analogues.
Grazing experiments
Short-term grazing experiments were conducted for the oxygenated mixolimnion and the suboxic interface and the anoxic monimolimnion. Evacuated and sterile 2-L Ethyl Vinyl Acetate bags (EVA bags, Baxter UK) were used for the incubation experiments. EVA bags were filled directly from the Niskin bottle to maintain the in situ oxygen concentrations of original samples. FLPs were added with sterile plastic syringes through the spike port of the bags, and the syringes were left on the port throughout the experiment. The concentration of food tracers was adjusted to c. 10-15% of the respective prokaryotic abundance (Massana et al., 2009) , as determined by DAPI-staining epifluorescence microscopy (Porter & Feig, 1983) . Even distribution of FLPs was achieved by gentle rotation of the bags. The samples were incubated at in situ temperature, by keeping the EVA bags in thermal insulated containers with water from each depth. Because of difficulties in reproducing the spectral composition of in situ light conditions, a shading device was used to attenuate light intensity. After the addition of food tracers, subsamples of 50 mL were subtracted at 0, 5, 10, 15, 30, 45, 60, and 90 min through the exit port of the EVA bags and fixed immediately with formaldehyde (final conc. of 2.5%, stabilized with 10% methanol). All grazing experiments were conducted in duplicates. The filtrate from the tangential flow filtration system was used as particle-and predator-free water for control of nonpredatory FLP disappearance. For enumeration of average ingested FLP by protists over time, 10 mL of fixed material was filtered on 0.8-lm Isopore filters (Merck Millipore Ltd) for the inspection of flagellates (heterotrophic and pigmented) and 40 mL on 5-lm Isopore filters (Merck Millipore Ltd) for the examination of ciliates. A volume of 1 mL was filtered on 0.2-lm Isopore filters for time point zero to enumerate actual prokaryotic abundance and number of FLPs at the start of each experiment. For the control samples, 1 mL of the incubated water was subtracted at the beginning and at the end of the experiment and filtered on 0.2-lm Isopore membranes.
Epifluorescence microscopy
Total prokaryotic and grazer populations for each depth were enumerated using epifluorescence microscopy (Caron, 1983; Porter & Feig, 1983) . Counts of the morphologically distinguishable purple sulfur bacteria were obtained based on the presence of autofluorescence and cell shape and size. Among the total protists, we differentiated three functional groups: HF (heterotrophic flagellates), PF (pigmented flagellates, that is, chloroplast-containing flagellated protists), and ciliates. For the enumeration of prokaryotic and grazer abundances, counts were performed in triplicates. Nonflagellated Chlorophyta, Bacillariophyceae, and chloroplast-bearing morphotypes that were never observed to ingest FLPs were ignored. FLPs for which it was not clear whether they were within food vacuoles but rather located above or underneath the protists were not considered as ingested. One-quarter of each filter was stained with 50 lL of DAPI (4′,6-diamidino-2-phenylindole; final concentration 1 lg mL
À1
) and examined under a Zeiss Axioplan 2 epifluorescence microscope at 91000 magnification.
Prokaryotes and flagellates were counted using a DAPI filter set (Zeiss 02: excitation: G 365, emission: LP 420, beamsplitter: FT 580). Pigmented flagellates (PF) and heterotrophic flagellates (HF) were categorized by the presence or absence of chlorophyll autofluorescence using the Zeiss filter set 15 (excitation: BP 546/12, emission: LP 590, beamsplitter: FT 580). A minimum of 200 fields were examined for grazer abundance, and at least 190 protists were inspected for ingested FLPs using the Zeiss filter set 09 (excitation: BP 450-490, emission: LP 515, beamsplitter: 510). Counts were conducted in triplicates for all grazing experiments, time series, and experimental replicates.
Phagotrophy and biomass estimation
As described by Unrein et al. (2007) ), as indicative of the feeding activity of each group on an individual basis, was calculated by multiplying the clearance rate of each protistan group by the natural prokaryotic abundance. The grazing effect (prokaryotes mL À1 h
À1
) of HFs, PFs, and ciliates on the natural assemblage of prokaryotes was calculated by multiplying the specific grazing rate by the relative abundance of HFs, PFs, and ciliates and subsequent transformation to daily grazing effect. The daily cumulative grazing effect of the total community for each depth horizon in the lake was determined by adding the grazing effect of each group. Daily biomass removal was calculated by multiplying the daily grazing effect of each group by the average cell prokaryotic biomass in each depth. Prokaryotic turnover rates (% of removed prokaryotes day
) express the percentage of the daily consumed prokaryotes as proportion of the standing prokaryotic stock. The latter was measured for time point zero. Average values of the above estimators were calculated for the triplicate counts (technical replicates) and the duplicate experiments (biological replicates) for each examined depth. For mixotrophs, we assumed that their grazing rate is constant throughout the day, because we did not account for species-specific preferences. Mixotrophs show different physiological types with some species grazing exclusively under dark conditions, while others require both light and prey (Jones, 2000; Stickney et al., 2000) .
Measurements of linear dimensions (length and width) were performed for 250 prokaryotic cells and 50 cells of each HFs, PFs, and ciliates in the three examined depths, using a Zeiss AxioCam MR3 camera mounted on the microscope and Zeiss Axiovision imaging software. Biovolume of each cell was calculated by applying geometrical equations depending on cell size. Total biovolume for each community was calculated by taking into account the relative abundance of each group in the examined depths. Subsequently, biovolume was converted to biomass assuming a conversion factor of 220 fg C lm À3 for prokaryotes (Simon & Azam, 1989) , 183 fg C lm
À3
for flagellates , and 190 fg C lm
for ciliates (Havskum & Hansen, 1997) .
Results
Prokaryotic and grazer abundance
Total prokaryotic abundance increased with depth, with a minimum of 1.48(AE0.038) 9 10 6 prokaryotes mL
À1
observed in the oxygenated mixolimnion and a maximum of 3.87(AE0.013) 9 10 6 prokaryotes mL À1 for the anoxic monimolimnion. Purple sulfur bacteria were absent from the oxygenated mixolimnion, and their maximum abundance was observed in the interface, accounting for 16.3% of the respective total prokaryotic abundance. Purple sulfur bacteria were hardly detected in the anoxic monimolimnion (Fig. 2a) . The average cell biovolume of prokaryotes was 0.23, 4.57, and 0.07 lm 3 for the oxic, interface, and anoxic layer, respectively. The average biovolume of purple sulfur bacteria in the interface was 23.08 lm 3 , reflecting their relatively larger size. Prokaryotic biomass exceeded grazer biomass in the three examined water horizons (Figs 2a and 3a) , with the highest prokaryotic biomass (3.04 AE 0.34 lg C mL À1 ) in the interface. The abundance of grazers did not correlate with prokaryotic abundances and decreased with depth (Fig. 2b) . The total protistan abundance was 2041(AE275) grazers mL À1 in the mixolimnion, 449(AE47) grazers mL À1 in the interface, and 140(AE14) grazers mL À1 in the anoxic bottom water. Pigmented flagellates (PF) in the size range of 5-20 lm dominated the mixolimnion. The interface was dominated by heterotrophic flagellates (HF), accounting for c. 93% of the respective total grazer abundance. Even though HF abundance was minimal in the anoxic bottom water, they were still the most abundant grazers in this depth. Ciliates accounted only for a small fraction of the total grazer abundance in the three depths, and their maximum abundance was observed in the interface. The lowest biomass of grazers was recorded in the anoxic monimolimnion, and the highest (60.7 AE 1.8 ng C mL À1 ) was observed in the interface (Fig. 3a) .
Protistan phagotrophy
An incubation time of 90 min was sufficient to reveal the predation kinetics, because most of the groups reached a maximal value of FLP ingestion rate before the end of the experiment. Subsamples taken at 0 and 90 min from the control bags showed insignificant FLP disappearance with a maximum variation of 0.55%, which falls within the range of standard error of experiments.
Feeding activity
Ciliates were the most efficient grazers in the mixolimnion and in the interface (Fig. 3b) . In the anoxic bottom water, ciliate grazing was barely detectable, resulting in the lowest observed grazing rate of 1.37(AE0.55) prokaryotes cell À1 h À1 for this group. A similar trend was observed for HFs, showing an almost 2.7 times higher grazing rate in the oxic layer compared with the other two water layers. The specific grazing rate of PFs peaked in the interface and was approximately fivefold higher compared with the mixolimnion. In the anoxic bottom water, no PFs were observed.
Impact of protists
The impact of each protistan group on prokaryotic abundance was assessed by the daily grazing effect. Whole community daily grazing effect declined from the oxic layer (4.05(AE0.25) 9 10 5 prokaryotes mL À1 day
À1
) to the anoxic monimolimnion (1.42(AE0.19) 9 10 4 prokaryotes mL À1 day
, Fig. 3c ). PFs had the highest grazing impact on the prokaryotic community in the oxic layer, where they accounted for nearly 70% of total grazing due to their high relative abundance (Fig. 2b) . Total PF grazing effect accounted for only 5% of total grazing in the interface. HFs were phagotrophically active in all three water horizons, with their daily grazing effect showing a maximum in the mixolimnion and a minimum in the anoxic bottom water. In the interface and in the anoxic layer, HF grazing represented, respectively, 61.8% and 99.4% of total grazing. Due to their low abundances, ciliates accounted only for a small fraction of total grazing in each depth (Fig. 3c) . Their accumulated grazing effect peaked in the interface (2.42(AE0.33) 9 10 4 prokaryotes mL À1 day
) and was the lowest in the anoxic bottom water (84.88(AE34.19) prokaryotes mL À1 day
).
Prokaryotic turnover rates and biomass removal in the three layers
Protistan grazing removed 27.46 AE 1.9% of the prokaryotic standing stock in the mixolimnion. In the interface, 2.13 AE 0.22% were removed and in the anoxic bottom waters only 0.37 AE 0.05%. We calculated a daily prokaryotic biomass removal of 20.29 ng C mL À1 day À1 in the oxic mixolimnion, 73.11 ng C mL À1 day À1 in the interface, and 0.22 ng C mL À1 day À1 in the anoxic layer, identifying the interface as site of the highest carbon turnover.
Discussion
To date, the impact of different protistan groups on prokaryotes remains unrevealed for the stratified water column of temperate freshwater meromictic lakes. Previous grazing studies on stratified water masses focused either on some of their distinct water horizons (Roberts & Laybourn-Parry, 1999; Sacc a et al., 2009; Thurman et al., 2012; Anderson et al., 2013) or on an individual protistan taxon group present in all water compartments (Okamura et al., 2012) . Therefore, we had the aim to further elucidate trophic interactions and prokaryotic biomass removal by protists across the stratification gradient of a freshwater meromictic lake. Our study revealed differences in the structure of the microbial food web from the oxic mixolimnion to the anoxic bottom water of Lake Alatsee with a gradual decline of protistan grazing impact on prokaryotic abundances. Variations in the grazing effect of different protistan groups show direct evidence for a link between water chemistry and protistan grazing in the studied ecosystem. The data on prokaryotic biomass removal by protists in the distinct layers of the lake contribute to better understanding toward the efficiency of microbial loops in carbon utilization, especially in the least studied anoxic water compartments. A wide range of methods have been employed to study the grazing impact of protists in natural aquatic ecosystems: the dilution method (Landry & Hasset, 1982) , the size-fractionation technique (Wright & Coffin, 1984) , metabolic inhibitors of protists (Sherr et al., 1986) , and radioactive labeling of prey (Hollibaugh et al., 1980) . However, most of them result in sample disturbances due to their long incubation time, and the importance of grazers is inferential rather than based on direct enumeration of ingested prey (Vaqu e et al., 1994) . Methods relying on prey analogues, either fluorescent artificial particles (McManus & Fuhrman, 1986) or fluorescent-stained bacteria (Sherr et al., 1987) have received much attention in grazing studies. The major advantage of such methods is that the grazing effect can be attributed only to the examined predators (Vaqu e et al., 1994) , because grazing rates are estimated by direct enumeration of the prey analogues. However, there is no perfect method to study protistan grazing (Fu et al., 2003) , and methodological limitations of such prey analogues are well described (McManus & Okubo, 1991; Vaqu e et al., 1994) . The main concerns when using these techniques are (1) the size-selective grazing by protists (Epstein & Shiaris, 1992; Gl€ ucksman et al., 2010) , where the added prey analogues, especially artificial plastic microspheres coated with proteins, are ingested at different rates than natural prey (Gonz alez et al., 1990) , (2) prey analogues in high concentration can change the abundance of available prey and alter grazing rates , and (3) the labeling procedure results in heat-killed prey analogues (Fu et al., 2003) . The employed approach in this study was based on the preparation of fluorescently labeled prokaryotes (FLPs) from the natural prokaryotic assemblage of each water compartment. Heat-killed immobile FLPs are not ideal surrogates of natural microbiota, although they serve as prey analogues with realistic size distribution and allow grazers to encounter a natural prey composition, minimizing size-selectivity-biases. Short-term incubations were used to ensure minimum manipulation of the samples, avoiding interruption of natural trophic interactions. Especially in the suboxic interface and the anoxic monimolimnion, where redox sensitive elements occur, minimum manipulation and maintenance of the in situ oxic conditions could not be sufficiently achieved by other methods of grazing measures. Moreover, the FLP technique is not restricted to an assessment of the community grazing rate in contrast to alternative approaches (J€ urgens & Massana, 2008) . Based on direct enumeration of prey analogues in the food vacuoles of protists, we were able to estimate specific grazing rates of major functional protistan groups avoiding the black box concept of 'heterotrophic protists' as one functional unit.
Protistan grazing in the oxic mixolimnion
Pigmented flagellates were the key grazers in the oxic layer (Fig. 3c) , playing an important role in the microbial food web and acting as a major cause of prokaryotic loss. In meromictic mountain lakes, the rain water fed to the mixolimnion is with low ion content (Del Don et al., 2001) and organisms in such ecosystems have to cope with low nutrient conditions (Sommaruga, 2001 ). Due to the remote location of Lake Alatsee, no terrestrial input of nutrients occurs through anthropogenic landscape usage. The values we obtained for orthophosphate and nitrate from the oxic layer (Table 1) indicate that nutrients could be a limiting factor for pigmented planktonic protists. Mixotrophy is an advantageous life strategy, allowing exploitation of oligotrophic environments (Dolan & Perez, 2000) and of nutrient-limited conditions (Medina-Sanchez et al., 2005; Czypionka et al., 2011) , typical characters of remote alpine lakes such as Lake Alatsee (Table 1) . Mixotrophy can be induced by limited nutrients (Unrein et al., 2007; Czypionka et al., 2011) and that low nutrient input enhances the abundance of mixotrophs (Arenovski et al., 1995) . The high grazing impact of pigmented flagellates in the oxic layer of the studied ecosystem indicates that this group used phagotrophy to overcome low nutrient concentrations. It has also been suggested that the nutritional versatility of mixotrophs could be a means of removing competitors for nutrients (Thingstad et al., 1996) and therefore explains the high abundance of pigmented flagellates in the oxic layer. Also, in polar meromictic lakes, mixotrophs were the dominant grazers in the oxic layer exceeding the grazing impact of heterotrophic nanoflagellates (Thurman et al., 2012) .
Protistan grazing in the suboxic interface
The most important grazers in the interface were heterotrophic flagellates (Fig. 3c) . Highest prokaryotic biomass removal occurred in the suboxic interface and coincided with the highest prokaryote and grazer biomass detected in the water column of the lake (Figs 2a and 3a) . The high abundance of large purple sulfur bacteria in the interface seems to attract a grazer community consisting of larger cells than in the above mixolimnion and the below anoxic monimolimnion. Even though more than 70 ng C mL À1 day À1 of prokaryotic carbon is removed daily through protistan grazing in the purple interface, the percentage of removed prokaryotes is very low (c. 2%). This suggests that prokaryotes in this water horizon are hardly controlled by top-down processes. Sacc a et al.
(2009) performed a similar study in the green sulfur bacteria layer of a coastal saline meromictic lake. They concluded that there are no substantial consequences on the growth dynamics of prokaryotes by nanosized protists, but prokaryotes in the bloom layer can support a high biomass of heterotrophic flagellates and ciliates. Interface regions between aerobic and anaerobic layers of meromictic lakes are highly dynamic systems (Borsheim et al., 1985) , and biological activity is higher in the vicinity of aerobic habitats, as anoxic environments receive organic material from the oxygenic phototrophs (Fenchel & Finaly, 1995) . Consequently, the interface of Lake Alatsee is characterized by low predatory pressure, yet rich in carbon resources, which may play an important role in the functioning of meromictic lake ecosystems.
Rates of dark carbon fixation are higher than rates of photoassimilation in the chemocline of meromictic lakes (Camacho et al., 2001; Storelli et al., 2013) , indicating a substantial contribution by anoxygenic phototrophic sulfur bacteria to the carbon cycle. It has been demonstrated that the microbial community in the redoxcline of a freshwater meromictic lake contributes at least 50% to the carbon uptake of zooplankton living in the (Camacho et al., 2001) . Thus, it is reasonable to assume that transfer of energy and nutrients from the redoxcline to the mixolimnetic zooplankton could also be a major process in the food web of Lake Alatsee. This, however, remains to be tested in further experiments.
Ciliates in the interface have a higher grazing impact and seem to play a more important role in carbon turnover compared with the mixolimnion and the anoxic bottom waters. Generally, the diversity and abundance of ciliates in redoxclines is very high compared with other water horizons and also compared with other taxon groups Zubkov et al., 1992; Behnke et al., 2006) . Ciliates are large organisms, which ingest high numbers of prokaryotes (Epstein & Shiaris, 1992; Iriberri et al., 1993 and see also Fig. 3b) . Additionally, ciliates have developed multiple independent adaptations to anoxia in their evolutionary history. These include for example hydrogenosomes (Embley et al., 2003) , anaerobic mitochondria (Boxma et al., 2005) , and symbiotic networks (van Hoek et al., 2000) . Furthermore, facultative anaerobiosis is widely distributed among ciliates (Fenchel & Finaly, 1995) . This makes them ideal candidates as shuttles for carbon transfer between the interface and the oxic mixolimnion, where they may be grazed from larger zooplankton (Massana et al., 1994b; Hadas & Berman, 1998) , and the anoxic bottom water, where they may contribute to prokaryotic remineralization (Priya et al., 2007) .
Mixotrophy as a trophic strategy was also observed in the interface. Even though individual PFs have a fivefold higher grazing rate compared with the oxic surface waters (Fig. 3b) , their total grazing impact is negligible in the interface (Fig. 3c ) due to their low abundance. The higher specific grazing rate of individuals could be attributed to the fact that in this depth, light availability is limiting or even inhibiting eukaryotic photosynthesis as concluded from the measured Secchi depth. Thus, phagotrophy is the exclusive nutrition mode of mixotrophs in the interface, providing all of the essential carbon. This light limitation may also be the reason for the low abundance of mixotrophs (Stoecker et al., 1997) . Low food uptake is common in mixotrophic protists because of their nutritional versatility (Jones, 2000) , and factors such as light levels affect the degree of mixotrophy (Sanders et al., 1990) .
Protistan grazing in the anoxic monimolimnion
Protistan grazing in the anoxic bottom water of Lake Alatsee was negligible. Heterotrophic flagellates were the main grazers in the anoxic water compartment (Fig. 3c) , where they removed only 0.4% of the standing prokaryotic stock. Thus, at least in Lake Alatsee, protists do not efficiently contribute to the loss processes of prokaryotic cells in the anoxic water mass and carbon flow from prokaryotes to protists is only fractional. There are indications that virus-induced mortality is more substantial in anoxic conditions (Weinbauer & H€ ofle, 1998; Weinbauer et al., 2003) and that bacterial loss in anoxic waters of a deep meromictic lake was attributed nearly exclusively to viruses (Colombet et al., 2006) .
Our results are congruent with previous findings. In the anoxic bottom water of the stratified Lake Plußsee (Germany), heterotrophic nanoflagellate grazing did not control prokaryotic abundance (Weinbauer & H€ ofle, 1998) . Likewise, anaerobic ciliates in Lake Ciso (Spain) did not affect bacterioplankton abundance (Massana & Pedr os-Ali o, 1994) . And in a saline meromictic lake, heterotorphic flagellates removed daily < 1% of the standing prokaryotic stock in the anoxic bottom water (Okamura et al., 2012) . One major reason may be a less efficient metabolism of protists in anoxic waters, compared with oxic waters (Fenchel & Finaly, 1990) . Furthermore, grazing rates of ciliates in laboratory cultures appeared to be negatively correlated to sulfide concentrations (Massana et al., 1994a) . Thus, in Lake Alatsee, high concentrations of hydrogen sulfide (87 mg L À1 ) may be an additional limiting factor for grazing. Moreover, lower water temperatures in the bottom water compared with the upper water column (5.2 and 8.2°C, respectively) lead to increased viscosity of the water and decrease metabolic activity, resulting in lower grazing activities of protists (Vaqu e et al., 1994; Unrein et al., 2007) .
Yet, literature data report diverse protistan populations in anoxic water bodies (Bernard et al., 2000) . It remains the question 'What are the alternative trophic modes of anaerobe protists to gain their organic matter and energy?' Bacterivory is not the exclusive mode of nutrition for phagotrophic protists. Some phagotrophic flagellates are able to feed on fragments of other protists (Tranvik et al., 1993) , dissolved organic matter (osmotrophs, Marchant & Scott, 1993) , virus particles (Gonz alez & Suttle, 1993) , or high molecular weight polysaccharides (Sherr, 1988) . Ciliates may also play a role as predators of nanoflagellates, complicating the interpretation of food web structure (Landry & Kirchman, 2002) . Symbiotic relationships between protists and prokaryotes are also common in anoxic ecosystems and enable protists to survive under such conditions by obtaining nutrients, organic matter, or growth factors from the endosymbionts (Dziallas et al., 2012) . Symbiosis with methanogen endosymbionts seems to be common in anaerobic ciliates (Fenchel & Finlay, 2010) . However, in Alatsee, this requires further research using, for example, specific oligonucleotide probes targeting methanogens and fluorescence in situ hybridization (Edgcomb et al., 2011) . Trophic interactions in anoxic water columns remain elusive, and innovative experimental designs are necessary to shed light on carbon flow in this environment and to reveal the mechanisms that maintain diverse anaerobe protistan communities.
Conclusions
Our study provides a contribution toward understanding the functioning of microbial food webs and carbon transfer in stratified lakes and especially in their deeper anoxic water compartments. Differences occurred in the microbial food web structure at the distinct depth horizons of the stratified meromictic Lake Alatsee. The importance of protistan grazing, mainly mixotrophs, was substantial in the oxic monimolimnion. The suboxic interface was identified as a dynamic site that can support high biomass of grazers, although protistan predation had a very low impact on prokaryotic abundance. Protistan grazing in the anoxic bottom water was negligible. The above observations indicate that spatial variability of protistan grazing occurs in the microhabitats of stratified lakes and that other factors may control loss processes of prokaryotic cells in anoxic habitats.
